ABSTRACT: The measurement of damage constants in adhesive bonding has been investigated. Bulk adhesive was used in this study for two reasons: a) stress distribution in bulk adhesive is simpler than adhesive in joints and b) specimen dimensions met fatigue test standard. Bulk adhesive was made from film-form of epoxy resin. In general, the characteristics and the behaviour of bulk adhesive may differ from adhesive in joint because of the presence of voids and the constrains imposed by the substrates. Low cycle fatigue tests with load amplitude ratio of 0.1 at frequency 5 Hz were performed to determine the damage variable as a function of number of cycles. Damage curves, i.e. evolution of damage variable as a function of number of cycles, were derived and plotted using isotropic damage equation. Damage was evaluated using the decrease of stress range during lifecycles of a constant displacement amplitude test. It was found that damage curves were fitted well by low cycle fatigue damage evolution law equation. This equation was derived from a dissipation potential function. Curve fitting was performed using Robust Least Square rather than ordinary linear least square because damage curves have extreme points (usually near failure point). It was found that fitting process could not converge for adhesive fracture at higher cycles (Nf > 9000). Two damage constants A 
Introduction
The definition of Adhesive bonding is a process of joining two parts/structures using non-metallic material (adhesive) [1] . This bonding undergoes chemical and physical hardening reaction causing parts to be jointed together through surface adherence (adhesion) and internal strength (cohesion). For most adhesive systems, adhesive is the weakest material because the attractive force between adhesive and substrate (adhesion) is stronger compared to the force within the adhesive layer (cohesion). Usually the internal strength of substrate and adhesive could be controlled.
Strength of substrate can be controlled from its manufacturing process. Strength of adhesive can be controlled by adjusting the process of heating and curing time. But if the area of contact (interface) became the weakest part because of imperfect contact process, then the joint strength will decrease. As a result, failure at lower load or non-uniform strength along bondline will take place.
Many mechanical failure modes might take place in adhesive systems. This failure can happen to a system with simple to complex configurations. It is estimated that between 50-90% of the failure caused by fatigue [2] .
In 1870, Wohler as cited by Blaum [3] is the first researcher who performed systematic research of fatigue life with train chassis as object. He investigated material behaviour under constant loading amplitude. Structure behaviour under specific load for various different materials has been investigated experimentally and numerically afterwards. Fatigue crack growth has been understood to some extent but the phenomenon of crack initiation has not yet been fully understood.
Low cycle fatigue failure has the following characteristics: (1) structure suffers high load, (2) lives are relatively short and (3) significant plastic straining takes place. Failure caused by low cycle fatigue load takes place in structures subjected to heavy load. This load induces irreversible strain at micro-scale or macro-scale. Damage accumulation in a structure will reach the point of initiation and propagation of cracks. A cycle is usually defined as an interval between two services time. Number of cycles to failure (N f ) is relatively small. Lemaitre and Desmorat [4] have categorized the classification of low cycle fatigue as follows:
1. The value of N f lies between 10 -100 for aerospace rocket or metal forming by forging. Stresses are between σ u > σ > σ y , where σ u is the ultimate stress and σ y is the yield stress.
2. The value of N f lies between 100 -1000 for thermal or nuclear power plant, chemical plant. Stresses are slightly larger than yield stress.
3. The value of N f lies between 1000 -10 000 for aircraft engines or car engines where stresses induce plastic strain with magnitudes approaching E y p σ ε ≈ , where p ε is the plastic strain and E is Young's modulus.
The damage model presented in this paper makes use of low cycle fatigue model, which is based on accumulation of plastic strains. The low cycle fatigue damage model is mainly considered when the plastic strain is high enough to be measured. In such a case, the stresses should be higher than the yield stress of the material and the number of cycles to failure corresponds to less than or equal to 10 000 cycles. If the number of cycles to failure is too high, say more than 100 000 cycles, the plastic strain is at micro size and not measurable, and therefore the low cycle fatigue model is not applicable. It is worth mentioning that because structural adhesive joints always contain stress singularity points, the stresses are singular, i.e. exceed the elastic limit and plastic zones take place around these points. Therefore, low cycle fatigue damage model is always suitable for adhesive joints regardless the number of cycles to failure.
Basic characteristic of low cycle fatigue is based on Coffin-Manson equation as described in [5] . Figure 1 shows a typical Coffin-Manson Curve. The approximated equation for Coffin-Manson is given by:
Where C mc and γ are material parameters: C mc depends on temperature but γ is close to 2 regardless the type of material and temperature. Total strain amplitude can be calculated as follows [6] :
Where 2 Nowadays, there is still a debate among researchers about which mechanism has the most contribution in joint lifetime; crack initiation or crack propagation. The problem is that it is not straightforward to prove which mechanism is dominant. e.g. Zhang et al. [9] , Imanaka et al. [10] and Crocombe et al. [11] .
Crocombe et al. [11] have found two conclusions. Firstly, for adhesive joints with fillet, more than 50% of the lifetime is dominated by crack initiation. When the fillet is removed, joint lifetime decreases significantly and crack initiation period is almost zero.
Secondly, the ratio of crack initiation lifetime to propagation lifetime increases as the load level decreases. Marcadon et al. [12] has studied durability of vinyl ester adhesive T-joint for a structural part of a ship. After careful observation of cracking mechanism, it was found that the crack propagation of T-joints dominated about two third of fatigue failure lifetime. Using back-face strain method, Zhang et al. [9] has found that the ratio of crack initiation to crack propagation lifetimes of single lap joints was not constant.
There were cases where different experimental results for crack initiation have been found for the same adhesive/substrate joint system. For example, for the same adhesive system, Crocombe [13] and Curley et al. [14] have found crack initiation phase less than 60% and 15%, respectively. For this test, Curley et al [14] used specimen with spew-fillet and the results were observed using back-face strain method of the same dimension size. Crocombe used specimen with controlled fillet and observed crack initiation using video microscopic [13] .
The main aim of the first part of this paper is to measure crack initiation damage parameters of adhesives using bulk adhesive test specimens. The damage parameters, which are function of stress level in adhesives, are extracted by fitting the experimental data to damage evolution law. In the second part of this paper, the technique is further extended and applied to adhesive in joint, namely a Single Lap Joint, in order to include the effect of triaxiality function on the damage parameters and the prediction of crack initiation lifetime.
Experimental set-up
Bulk adhesive specimens were used in this experiment as a first step to determine the fatigue damage parameters. It has the advantage that the interpretation of stress-strain data of bulk adhesive is easier than adhesive in joints. Bulk adhesive has simpler stress distribution because of the absence of substrates [15] . The specimens were made from epoxy resins, FM-73 film adhesives supplied by Cytec™. Epoxy resins are a class of versatile thermosetting polymers and are extensively used in structural adhesives for polymer composites. This is because of their high strength, low creep, very low cure shrinkage, excellent resistance to corrosion, good adhesion to many substrates and appropriate electrical properties [16] .
The placement of bulk adhesive along with its support apparatus is shown in Figure 2 . The function of weighing mass is to give pressure to the Upper glass plate, which will be transferred to bulk adhesive. The use of reference thickness plate is to stop reducing adhesive thickness during heating and pressuring process. Stopper is used to avoid sliding movement of upper glass. If sliding movement happens, it will cause adhesive to tear.
There are two possibilities for air to emerge inside bulk adhesive. Firstly, air may trap during film manufacturing process. Secondly, air may trap during bulk adhesive manufacturing. The higher number of stacking layers, the bigger possibility of the amount of trapped air bubbles. This phenomenon is shown in Figure 3 .
To minimize the chance of air bubble forming, the following process was performed. In the beginning, for every four layers, pressure was applied using pressure roller. The result is shown in Figure 4 (a). There were voids at first manufacturing process. To improve the quality of bulk adhesive, after stacking every single layer, pressure was applied. The result is shown in Figure 3( Figure 4 shows the Instron 8511 machine and the test set-up. Figure 6 (a) shows a picture of the bulk adhesive test specimens and Tensile test is performed in order to obtain material parameters, which is needed for damage evolution formula and finite element analysis. The tests were performed by controlling the extension (extension rate = 0.016 mm/sec) of specimens up to its failure, while the load is recorded. Direct results were presented in form of load as a function of extension. This curve was then converted to engineering stress-strain curve by dividing force and extension by cross-sectional area and initial length of specimen, respectively.
Stress-strain curve was fitting to Ramberg-Osgood formula [18] . The curve fitting process was performed using the facility 'Cftool' provided in MATLAB. The result is shown in Figure 7 . Several low cycles fatigue tests have been performed. Some specimens were eliminated for inconsistence results. This was because the specimen had void greater than the average. The result is shown in Figure 8 as strain range ∆ε (%) versus number of cycles to failure N f in logarithmic scale. This is Manson-Coffin curve form.
In Figure 9 , the measured load as a function of number of cycles is shown. It shows the decrease in maximum and minimum loads after each cycle. A decrease in stress range would indicate a degradation of stiffness during lifetime. This is a characteristic of constant strain (or displacement) amplitude fatigue test.
Damage Measurement Based on Stress Degradation
Stress degradation occurs during strain-based controlled test. 
Where D is the damage variable, N is the number of cycles, 
( )
Equation 6 is arranged so that:
Substituting A D /A T by D, Equation 7 becomes:
Finally Damage variable D, is defined as:
In order to determine the damage parameters Α Α Α Α and β β β β, Equation (3) 
Re-arranging Equation (11) Residuals (LAR) method. Fitting using LAR method for this case is better than Least Square (LS) because LS is more sensitive for extreme values (outliers) [21] . With Trustregion algorithm, nonlinear problem can be solved more efficiently comparing to other algorithm. The MATLAB code for curve fitting of Equation (15) to experimental data is given in Appendix A.
Referring to Equation (3), since damage calculation only needs maximum and minimum load values (to calculate the von-Mises stress range and the average triaxiality function), those values could be extracted from fatigue raw data. To extract the required data, an algorithm has been implemented in MATLAB. Result of fatigue data extraction is shown in Figure 11 . Curve is formed from peak points connected from one cycle to the next cycle. The decrease in maximum or minimum loads is made clear after converting the raw data.
The advantage of this data extraction process is that huge amount of data obtained from fatigue test can be significantly reduced. Computing time can also be reduced. The next step is to calculate the difference between maximum and minimum loads. This value is called L ∆ (fatigue load range at a certain damage state) corresponding to eq σ ∆ (vonMises stress range at a certain damage state).
Using linear regression of stabilize region which is intersected with load axis, * L ∆ (fatigue load range at undamaged state or at stabilization of harding as shown in Figure 12 ) can be determined. From Equation 9 , since the total cross-sectional area is constant during its lifecycle, damage can be calculated as:
The result of equation 16 is shown in Figure 13 . Damage started from zero as it is always assumed that at the beginning of test material is in its virgin state. It is shown that damage variable increased slightly, and then suddenly rose sharply at failure. Table 1 . Plot Α and β versus * eq σ ∆ are shown in Figure 17 and Figure 18 . From both figures, it is shown that Α has tendency to decrease, while β to increase. Finally, damage from experiments (calculated by using Equation 9) is compared to damage from prediction (plotted by using Equation
3) in Figure 19 . For other tests, using the same procedures (for different Fatigue tests with higher cycles to failure (N f > 10000 cycles) were performed.
The damage evolution law could not be fitted to the damage experimental curves because the fitting process failed to converge. The highest number of cycles to failure, for which the fitting process converged, was N f = 9401.
Conclusions
From the application of fatigue crack initiation damage evolution law to bulk adhesive test specimens, the following conclusions have been made:
1. Bulk adhesive was suitable for initial determination of damage parameters, where triaxiality function is equal to one.
2. The damage parameters have been successfully extracted from the experimental data though curve fitting using the damage evolution low.
3. Additional data have been inserted into damage curve for fitting process of damage evolution curve without changing its physical meaning. The aim was to weigh the data near failure so that the fitting process could easily converge.
4. Procedure to obtain the damage parameters A and β of bulk adhesive has been proposed. With this procedure, damage curve for different stress levels could be predicted. The fitting process only converges for low cycle fatigue failure in these cases less than 10000 cycles. Since the experimental tests were performed on bulk adhesive specimens, the applicability of low cycle fatigue may be limited to 10 000 cycles. However, since structural adhesive joints contain stress singularity points, low cycle fatigue damage model is always suitable for adhesive joints regardless the number of cycles to failure because the stresses exceed the elastic limit and plastic zones take place around these singularity points.
Further application of the technique to adhesive in joints will be presented in part 2 of this paper, where multi-axial stress state and triaxiality function are considered in more details. ∆disp.
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